During geologic storage of carbon dioxide (CO 2 ), trapping of the buoyant CO 2 after injection is essential in order to minimize the risk of leakage into shallower formations through a fracture or abandoned well. Models for the subsurface behavior of the CO 2 are useful for the design, implementation, and long-term monitoring of injection sites, but traditional reservoir-simulation tools are currently unable to resolve the impact of small-scale trapping processes on fluid flow at the scale of a geologic basin. Here, we study the impact of solubility trapping from convective dissolution on the up-dip migration of a buoyant gravity current in a sloping aquifer. To do so, we conduct highresolution numerical simulations of the gravity current that forms from a pair of miscible analogue fluids. Our simulations fully resolve the dense, sinking fingers that drive the convective dissolution process. We analyze the dynamics of the dissolution flux along the moving CO 2 -brine interface, in- * Corresponding author Email addresses: jhidalgo@mit.edu (Juan J. Hidalgo), christopher.macminn@yale.edu (Christopher W. MacMinn), juanes@mit.edu (Ruben Juanes)
solving these simultaneously has proven challenging for traditional reservoir 19 simulation tools [10] . Upscaled theoretical models [11, 12] and laboratory ex-20 periments [13, 14] have recently provided some macroscopic insights, but by 21 design these capture only the averaged dynamics of the dissolution process.
Here, we study the impact of convective dissolution on the migration of 23 a buoyant gravity current in a sloping aquifer by conducting high-resolution 24 numerical simulations of a pair of miscible analogue fluids. Our simulations 25 fully resolve the small-scale features of the convective dissolution process. 26 We define an average dissolution flux and use it to study the dynamic in-
27
teractions of the fingering instability with the migrating current. We then 
Analogue fluids

32
For simplicity, and to focus on the role of convective dissolution, we ne-33 glect capillarity and assume that the two fluids are perfectly miscible. We 34 adopt constitutive laws for density and viscosity that are inspired by a pair 35 of miscible analogue fluids that have been used to study this problem ex-36 perimentally [15, 16, 13, 14] . This system captures three key features of the 37 CO 2 -brine system: (1) a density contrast that stratifies the pure fluids and 38 drives the migration of the gravity current, (2) an intermediate density max-39 imum that triggers and drives convective dissolution (discussed below), and 40 (3) a viscosity contrast between the pure fluids that influences the shape and 41 propagation speed of the gravity current. 42 We write the dimensionless density ρ and viscosity µ as functions of the 43 local concentration c of the buoyant fluid. We scale the concentration c by the 44 solubility so that c ∈ [0, 1]. Since the analogue fluids have different densities 45 (ρ(c = 1) < ρ(c = 0)), the buoyant one will "float" and migrate above the 46 denser one. Since they are perfectly miscible, they will be separated by a transition zone that forms and grows through diffusion, and within which 48 the local concentration transitions from c = 0 to c = 1 and the local density 49 and viscosity vary accordingly.
50
To trigger convective dissolution, the essential feature of the density law 51 is that it must be a non-monotonic function of concentration with an inter-52 mediate maximum ( are buoyant relative to the ambient brine and will rise. ∆ρ m is the characteristic density difference that drives convective dissolution and ∆ρ gc is the one that drives the migration of the buoyant gravity current. c = c n for which the density of the mixture is equal to the density of the increases toward this value as dissolved buoyant fluid accumulates. Convec-66 tive dissolution stops entirely when diffusion at the interface is no longer able 67 to generate a mixture that is denser than the fluid below it.
68
To make the density law dimensionless, we shift it by the brine density 
77
We choose an exponential constitutive law for the dimensionless viscosity, agation speed of the gravity current and even arrest its migration [23, 24] .
96
All of these effects can be incorporated into upscaled models for CO 2 migra-97 tion, but incorporating them into our 2D simulations is less straightforward.
98
These effects would impact the total dissolution rate by changing the length 99 of the "interface" between the two fluids, and by reducing the amount of 100 ambient fluid available for "storing" dissolved CO 
where p is the scaled pressure deviation from a hydrostatic datum, u is the in Appendix A.
139
The behavior of a buoyant gravity current is then completely character-
140
ized by Eqs. (1-3) , the value of Ra, the constitutive laws ρ(c) and µ(c), and 141 appropriate initial and boundary conditions.
142
To study convective dissolution from a gravity current, we solve Equa- 
150
We prescribe the pressure along the right boundary and take the other 151 boundaries to be impervious. We then write the dimensionless boundary for flow, and
158 159
for transport.
160
Initially, the region x ≤ 4 is filled with CO 2 . We do not add any per- and risk assessment [31, 32] .
172
The dissolution flux between two miscible fluids must be defined with 173 care since there is no true interface across which mass is transferred. In- through the evolution of the mean scalar dissipation rate [33] , it is useful in (c < c n ; Fig. 1 ). This is an unstable equilibrium point and any perturbation 183 of concentration causes significant buoyancy forces that trigger convection.
184
To define the dissolution flux, we first compute the mass of buoyant fluid as (Fig. 3a) . We then define 186 the total dissolution rate as −dM b /dt (Fig. 3b) . By dividing this quantity 187 by the length of CO 2 -brine interface, which we measure as the length of the 188 neutral contour (Fig. 3c) , we obtain the average dissolution flux (Fig. 3d ).
Both the total dissolution rate and the average dissolution flux evolve as 190 the buoyant current migrates (Fig. 3b,d at which the density maximum occurs [33] , and also on the nature of the boundary condition at the boundary where dissolution occurs (here across a 215 moving interface between two miscible fluids vs. across a rigid boundary with 216 prescribed concentration) [33, 26] . The total dissolution rate grows strongly 217 during this period since the interface length grows rapidly (Fig. 3c) dissolution along a progressively larger fraction of the interface (Fig. 2) .
225
As Ra increases, we find that the dynamics of this process converge to a 226 common high-Ra limit, indicating that relevant macroscopic quantities are 227 independent of Ra for Ra ≈ 5000 and higher [33] . dissolved CO 2 fills the aquifer beneath the buoyant current: 
, where M = µ brine /µ CO 2 is the 284 mobility ratio for the buoyant current (µ brine is the dynamic viscosity of the 285 brine) and M d = µ brine /µ d is the mobility ratio for the dense mound.
286
All of the parameters in this upscaled model are readily derived from the 
299
We find that this upscaled model captures the evolution of the buoy-300 ant current and also the suppression of convective dissolution under the left 301 portion of the current as dissolved CO 2 accumulates in the brine (Fig. 4) . found, further, that these dynamics are independent of Ra for Ra ≈ 5000 315 and higher (Fig. 3) .
316
We have shown that the macroscopic evolution of the buoyant current at which the density maximum occurs and the ratio of the two density dif-357 ferences (Fig. 1) . The concentration at which the density maximum occurs Reported values of the Rayleigh number in real CO 2 sequestration scenar-
375
ios range over several orders of magnitude, from as low as 100 in thin, low-376 permeability aquifers to as high as 10 5 in thick, high-permeability aquifers.
377
Our results here target the middle of this range, Ra ∼ 5000, to explore 378 the limit in which diffusion is still important and to capture the asymptotic 379 behavior for large Ra.
380
The mobility ratio for a real CO 2 -brine system is M ≈ 5-12 or R ≈ 1.5-381 2.5 [4], which is somewhat higher than the values used here (R = 0 and 1).
382
The mobility ratio has a direct impact on the dynamics of the gravity current, in [33] and in the present work (Fig. 5d) .
386
The aspect ratio of the initial condition is the width of the initial rectangle 
392
We have confined our modeling and simulations here to two dimensions, 393 but three-dimensional flow effects can be important in scenarios where, for ex-394 ample, the lateral extent of the plume is not large compared to its length [43] .
395
High-resolution simulations combining migration and convective dissolution 396 in 3D, as we have done here in 2D, would be a very interesting follow-up 397 study. Although extension of our modeling to three dimensions is straight-398 forward, such simulations would be extremely computationally expensive. 
427
To accurately capture the dynamics of convective dissolution, it is essential 428 for our simulations to resolve the smallest relevant length and time scales.
429
The smallest such length scale for convective dissolution is believed to be expect to be sufficient.
438
Regarding the convergence of macroscopic quantities such as the disso- 
474
We write the Darcy velocity of the fluid in each region as that the pressure distribution in each region is hydrostatic and given by
where p i (x, t) is the unknown pressure along the CO 2 interface (z = L z − h). 
491
Since we have taken the fluids and the rock to be incompressible, the 492 total volume of fluid flowing through any cross-section of the aquifer must 493 be conserved. This requirement can be written
where the constant total volume flow rate Q may be nonzero when there another. This requirement can be written 
(C.10) 
